Abstract-This paper presents the comparative evaluation of the performance of three state-of-the-art current control techniques for active filters. The linear rotating frame current controller, the fixed-frequency hysteresis controller, and the digital deadbeat controller are considered. The main control innovations, determined by industrial applications, are presented, suitable criteria for the comparison are identified, and the differences in the performance of the three controllers in a typical parallel active filter setup are investigated by simulations.
I. INTRODUCTION
A S FAR AS THE quality of current control is concerned, parallel active filters represent an extremely demanding field of application for voltage-source pulsewidth modulation (PWM) converters. In fact, differently from what happens in the adjustable-speed drive or in the PWM rectifier applications, the current control of these devices is required to generate a current waveform which is normally characterized by a considerable harmonic content. As an example, a typical application of parallel active filters is represented by the compensation of controlled or naturally commutated rectifiers, especially for the so-called retrofit of existing plants. To compensate for the distorted current drawn by the rectifiers from the utility grid, the active filter and its current control must have the capability to track sudden slope variations in the current reference, corresponding to very high values, which makes the design of the control and the practical implementation of the filter particularly critical. To meet these dynamic requirements, a current-controlled voltage-source inverter (VSI) is a suitable solution. As far as the control is concerned, the variability of the frequency and amplitude of the voltage faced by the VSI in an ac drive or the current reference variations due to power absorption changes in a PWM rectifier, which may represent significant problems for those applications, are undoubtedly less critical requirements than those demanded by the filter applications. Therefore, it is in the active power filter application that the choice and implementation of the current regulator is more important for the achievement of a satisfactory performance level.
The current control techniques [1] - [4] that have so far demonstrated the most effective performance in practical applications to the control of active power filters are the linear current control, the digital deadbeat control, and the hysteresis control. In principle, analog control techniques have the fastest speed of response, not being delayed by any A/D conversion process or calculation time. Among the digital solutions, the deadbeat control algorithm is known to ensure the best dynamic response. For these reasons and according to the practical experience, the two aforementioned analog techniques, that is, the linear current control and the hysteresis control, together with the digital deadbeat control, have been considered in this paper. Each of these have undergone a substantial evolutionary process, due their diffused industrial applications, so that the actually employed techniques indeed feature a large number of refinements with respect to the originally introduced versions. This paper is aimed at both summarizing the main implementation refinements which characterize the latest versions of the aforementioned control techniques and comparing the different performance [5] , [6] achieved by the three current controls in a typical active filter applicative situation, considering the state-of-the art implementation of each one, so as to achieve simulated results which are as realistic as possible.
The organization of this paper is as follows. This paper initially focuses on the identification of proper criteria for correctly comparing the three controllers' performance. Then, after a short description of the principles of the three control techniques and the presentation of the main refinements, the simulated system is briefly described. Finally, the results of the comparison, which is done according to the chosen criteria, are discussed.
II. CRITERIA FOR CURRENT CONTROLLERS' COMPARISON
A key point in the comparative evaluation of different control strategies, together with the selection of a realistic test situation, is the definition of suitable criteria [6] to evaluate the performance level offered by each of the considered techniques.
In the case this paper deals with, that is, an active filter application, an immediate criterion for the control's quality evaluation seems to be the measurement of the total harmonic distortion (THD) of the line current waveform. This gives direct information about the control's capability of eliminating harmonic pollution from the current drawn from the utility grid. As a matter of fact, the insight given 0278-0046/98$10.00 © 1998 IEEE by this measurement is rather poor, since all the various aspects of current regulation's quality are lumped in a single figure. Therefore, two additional criteria are taken into account here.
One is the calculation of the rms value of the current error which, of course, is related to the energy of the error and, therefore, to the dynamic performance of the current controller. Differently from the current THD, this index includes the fundamental harmonic, namely, the error in the compensation of its reactive component.
The last criterion considered here is the evaluation of the line current spectrum, which, above all, identifies the distribution of current harmonics in the different frequency ranges. This is a very important point, both for the design of the passive filters smoothing the modulation ripple at the input of the compensation system and for the evaluation of the capability of the different control techniques to meet the International Electrotechnical Commission (IEC) standards' requirements.
III. CURRENT CONTROL TECHNIQUES
This section presents the considered control techniques, providing for each of them both a short description of the basic features and the discussion of the main refinements characterizing the state-of-the-art implementations. In the following, it will be assumed that the converter, used as the active filter, operates as a controlled current source. The generated phase current, therefore, tracks a reference obtained by subtracting the load current to the desired, compensated line current. This latter, in turn, is usually taken by the supply voltage waveform, with an amplitude which ensures the power balance of the system [7] , [8] .
A. Linear Current Control
The conventional version of the linear current controller performs a sine-triangle PWM voltage modulation of the power converter using as the modulating signal the current error filtered by a proportional integral (PI) regulator. It is worth noting that we have here considered the original analog implementation of the PWM technique, since it ensures to the system the fastest possible speed of response. A sudden change in the modulating signal is indeed instantaneously turned into a duty-cycle variation, without the unavoidable delay equal to one-half of the modulation period, in the case of space-vector modulation (SVM), or to a whole modulation period, in the case of sampled PWM. The application of these modulation techniques can only reduce the system's speed of response. Nevertheless, the linear current control technique with analog PWM, although very simply implementable by means of analog circuitry, provides a rather unsatisfactory performance level as far as active filter applications are concerned. This is mainly due to the limitation of the achievable regulator bandwidth which, as it is well known, is implied by the necessity of sufficiently filtering the ripple in the modulating signal. This necessity compels one to keep the loop gain crossover frequency well below the modulation frequency. This re- flects in a poor rejection of the disturbances injected into the current control loop, mainly due to the ac line voltage at the fundamental frequency. To overcome this limitation, recent versions of the linear current control exploit therotating frame [9] - [12] . Control variables are mapped into the rotating frame according to the scheme represented in Fig. 1 . It is noticeable that, for this kind of application, to perform the -transformation, there is no need to know the instantaneous phase angle of the sinusoidal waveforms. The main advantage of such a solution is that the fundamental harmonic components of voltage and current signals appear constant to the current regulator. Therefore, the line voltage, which is almost sinusoidal, is seen by the current regulator as a constant quantity. As a consequence, the rejection of this disturbance is much more effective. On the other hand, the bandwidth limitation of the PI regulators, which remains unchanged, still implies significant errors in the tracking of the high-order harmonic components of the current reference. In active filter applications, these errors usually reflect in a not completely satisfactory quality of harmonic compensation.
B. Digital Deadbeat Control
As described in [13] , an effective exploitation of the advantages of the digital current control can be achieved by adopting an improved version of the well-known deadbeat control technique [14] - [18] . In the conventional implementation, the digital control calculates the phase voltage, so as to make the phase current reach its reference by the end of the following modulation period [19] - [22] . The calculations are often performed in the frame, and the space-vector modulation (SVM) strategy, which very well suits the digital implementation, is applied to the switching converter. This is essentially the situation depicted in Fig. 2 . An important advantage of this technique is that it may not require the line voltage measurement in order to generate the current reference. Indeed, the deadbeat control's algorithm implies an estimation of the line voltage instantaneous value, which can, therefore, also be used for the current reference generation. On the other hand, the inherent delay due to the calculations is indeed a serious drawback for this technique [13] , [22] . Due to the high required speed of response, it becomes the main limitation in active filter applications and may imply an unsatisfactory performance level. In the more recent versions [13] of the deadbeat controller, this delay is reduced by sampling the control variables and executing the control routines twice in a modulation period. The turn-on and turnoff times of the power converter switches are, therefore, decided separately in two successive control periods. As a consequence, the aforementioned delay in current reference tracking can be reduced to a single modulation period. This can be further compensated by adopting a prediction technique for the current reference [13] . Accordingly, the control algorithm interpolates the reference value for the current modulation period from those calculated in the preceding ones. Thus, by anticipating the current reference, the steadystate tracking error can be virtually eliminated. On the other hand, the implied derivative action causes increased errors and overshoots in the presence of sudden reference changes. In practice, however, it turns out that, on the whole, the reference prediction technique provides a performance improvement. Another key issue in this kind of control technique is the effect of the input filters commonly used to eliminate residual high-frequency harmonic components in the line currents, which are due to the inverter's modulation. These filters are not normally accounted for in the control algorithm and may, therefore, undermine the stability of the current loop. To guarantee the control's stability, a certain oversizing of the system's reactive components may be necessary [23] .
C. Hysteresis Control
The basic implementation of the hysteresis current controller derives the switching signals from the comparison of the current error with a fixed hysteresis band. Although simple and extremely robust, this control technique exhibits several unsatisfactory features [24] . The main one is that it produces a varying modulation frequency for the power converter. This is, in general, responsible for various problems, from the difficulty in designing the input filters to the generation of unwanted resonances on the utility grid. Another negative aspect of the basic hysteresis control is that its performance is negatively affected by the phase currents' interaction, which is typical of three-phase systems with insulated neutral. Many improvements to the original control structure have been suggested by industrial applications [25] - [27] . First of all, phase current decoupling techniques have been devised [27] . Secondly, fixed modulation frequency has been achieved by a variable width of the hysteresis band as function of the instantaneous output voltage [27] , [28] . This is achieved either by means of a phase-locked loop (PLL) control or by a feedforward action operating on the control thresholds [29] - [31] . Fig. 3 shows the simplified scheme of the implementation of such a controller. As can be seen, the controller modifies the hysteresis band by summing two different signals. The first is the filtered output of a PLL phase comparator and the second is the filtered output of a band estimation circuit The band estimator implements a feedforward action that helps the PLL-based circuit to keep the switching frequency constant; in this way, the output of the PLL circuit only provides the small amount of the modulation of the hysteresis band which is needed to guarantee the phase lock of the switching pulses with respect to an external clock signal. This also ensures the control of the mutual phase of the modulation pulses. All of these provisions have allowed a substantial improvement in the performance of the hysteresis current controller, as is discussed in [31] . It is worth adding that, in different applications, such as drives or PWM rectifiers, such control complexity may not be actually necessary, since the required dynamic performance is normally lower, and conventional, nonhysteretic, techniques can be completely satisfactory.
IV. THE SIMULATED SYSTEM
The ratings of the simulated system used for the evaluation of the current controllers' performance are reported in Table  I . These are typical for the considered application power rating. Fig. 4 shows the scheme of the considered plant. As can be seen, a controlled thyristor rectifier with inductive load has to be compensated by the parallel active filter [32] . In the medium-power range, as that of the load considered here, the compensation of the load reactive power is more and more often performed by the active filter itself, with no need for passive compensation filters. This is mainly justified by the decreasing cost of semiconductors (and of electrolytic capacitors). Moreover, this solution allows one to efficiently cope with sudden variations of the load reactive power, which is typical in thyristor rectifiers. The active filter is implemented by means of a three-phase VSI. The current control of the filter operates the switches so as to generate a suitable current
The current reference is derived by subtracting the load current from the line current reference which represents the current desired after the compensation to achieve the required unity power factor. The signal is obtained by multiplying the input voltage waveform and a proper scaling factor. The voltage scaling factor is determined by the outer control loop (PI), Fig. 4 . Scheme of the simulated system. so as to balance the active filter losses and, therefore, to keep the dc-link voltage on the filter capacitor constant. The scheme of the complete control structure is shown in Fig. 5 . In order to limit the maximum slope of the load current within the compensation capability of the active filter, a smoothing inductor has been inserted before the rectifier. With a proper sizing of which takes into account the filter parameters the inverter saturation is prevented, even in correspondence of rectifier commutations.
Since the compensation error strongly depends on the rectifier current derivative at thyristors turn-on, two different firing angles are taken into account and corresponding to a quite slow and to a steep current variation, respectively. To maintain similar operating conditions, the rectifier load resistance is reduced at with respect to so that the rectifier's dc current is the same in both cases.
V. SIMULATION RESULTS
The system of Fig. 4 has been simulated using each one of the previously described current control techniques for the active filter. The controllers include the implementation of all the aforementioned refinements, so that the achieved performance is, as realistically as possible, at its best level [5] .
Figs. 6 and 7 describe the system's operation with the digital deadbeat control for and respectively. In particular, the upper part of Fig. 5 shows the relevant system's waveforms; these are the line voltage the line current the rectifier current the active filter current superimposed to its reference and the current error On the bottom, the corresponding line current spectrum, referred to the amplitude of the fundamental current, is shown. The same waveforms and line current spectrum are illustrated by Fig. 6 in the case of To ease the comparison, the same 0-dB reference level as in the case of is taken for the spectrum. It is possible to notice the relevant effect, in terms of current error, of the increase of the current that occurs when the firing angle is set to 40 . The harmonic content of the line currents in the two cases confirms this performance degradation. The quality of the compensation is especially degraded in the high-frequency range of the spectrum, where the effect of the spikes in the current waveform is particularly evident. It may be remarked that the spikes in the current error waveform are due to the predictive compensation strategy, which is essentially a derivative action on the current reference adopted here [13] . As a consequence, the effect is more evident when the slope of the current reference is steeper. In any case, this predictive compensation reduces the tracking error, due to the intrinsic delay of the deadbeat technique, occurring at the steep current edges. Thus, the resulting error is much lower than that attained without any compensation. Fig. 8 reports the results of the system's simulation with the linear current controller for
As in the previous case, the same waveforms are evaluated also for and are shown in Fig. 9 . Again, the spectra current references are the same for both cases. As the load power is unchanged, these references practically coincide with those of the deadbeat control. As can be seen, the linear regulator also exhibits a certain performance degradation as increases. For this controller, as stated before, the main limitation is represented by the quite low achievable bandwidth of the linear regulator. In this case, the bandwidth is about 2.5 kHz. It is worth noting that, since the modulation frequency of the power converter is 10 kHz, this value is pretty close to the limit beyond which stability problems may arise. Accordingly, the position of the PI zero is about 1460 Hz, where the open-loop gain is about 1.7, so as to guarantee a proper phase margin (60 ).
Finally, Figs. 10 and 11 describe the behavior of the hysteresis controller for and , respectively. All of the details concerning the controller's design can be found in [31] . As can be seen, for this control technique, the quality of the harmonic and reactive power compensation is not significantly affected by the change in the firing angle. Moreover, the effectiveness of frequency regulation can also be appreciated, noting the good definition of the harmonic content near the modulation frequency. 
VI. COMPARISON OF SIMULATION RESULTS
As stated before, the comparison of the simulation results can be performed by evaluating three indices: the line current spectra, the current error rms value, and the line current THD. Both the rms value and the THD have been calculated in the range of the harmonic components up to a frequency of 2 kHz, as required by IEC standards. This choice is also justified by the fact that the high-frequency harmonic components due to the modulation process are always practically eliminated by means of suitable passive filters.
The current spectra were included in the previous section within the figures reporting the simulation results; the normalized rms value of current error and the THD of the line current, both related to the amplitude of the fundamental component of the input current, are given in Tables II and III, respectively.  Table II refers to the first considered rectifier firing angle,  namely,  while Table III refers to From all indices, it can be seen that a significant superiority of the hysteresis current control technique emerges. The spectra referring to this control technique are, indeed, almost unchanged by the variation of . Moreover, they are at least 20 dB lower than the spectra referring to the other two control techniques in the range 50 Hz-2 kHz. Thus, as far as IEC standards are concerned, the performance of the linear and deadbeat controllers may not be in any case adequate to meet the standards' requirements, while the hysteresis control, by keeping the harmonics about 60 dB below the fundamental level, seems not to have particular difficulties in meeting the standards. This superiority is also confirmed by the data reported in Tables II and III , where both the current total harmonic distortion and the error rms value are much lower than those of the linear and deadbeat controls.
It is also possible to notice that the performance of the linear and of the deadbeat controllers turn out to be quite similar. The deadbeat controller exhibits a slight superiority in the case of
The linear control's performance, instead, turns out to be slightly more satisfactory in the case of where the bandwidth limitation is not very evident due to the low of the current reference. In all cases, it is possible to see that the fundamental component in the current error, which accounts for the difference in the rms and THD figures, is rather small.
VII. CONCLUSIONS
This paper has discussed the difference in the dynamic performance of the three most popular current control tech- niques for active filter applications. All the techniques, hysteresis control, deadbeat control, and linear rotating frame control were considered, including the latest improvements brought by their industrial application. The comparison is performed by simulating a typical, high-demanding active filter application where the distorting load to be compensated is a thyristor rectifier. Two different values of the firing angle were considered to underline the dependence of the achievable performance on the slope of the current reference.
The improvements in the control techniques result in rather satisfactory performance levels for all three controllers. However, the results of the comparison show a certain superiority of the hysteresis control. Indeed, the performance of this control strategy is almost unaffected by the variation in the firing angle and, on the basis of the performance indices considered in the paper, i.e., harmonic content, THD, and rms of the current error, turns out to be better than the other techniques. The deadbeat controller, which has the advantage of being suitable for a fully digital implementation, is limited in its performance by the inherent calculation delay. Instead, the linear control's bandwidth limitation turns into a not completely satisfactory quality of compensation, especially in correspondence of high in the current reference.
